In experiments with superconducting quantum circuits, characterizing the photon statistics of propagating microwave fields is a fundamental task. We quantify the n 2 + n photon number variance of thermal microwave photons emitted from a black-body radiator for mean photon numbers 0.05 n 1.5. We probe the fields using either correlation measurements or a transmon qubit coupled to a microwave resonator. Our experiments provide a precise quantitative characterization of weak microwave states and information on the noise emitted by a Josephson parametric amplifier.
In experiments with superconducting quantum circuits, characterizing the photon statistics of propagating microwave fields is a fundamental task. We quantify the n 2 + n photon number variance of thermal microwave photons emitted from a black-body radiator for mean photon numbers 0.05 n 1.5. We probe the fields using either correlation measurements or a transmon qubit coupled to a microwave resonator. Our experiments provide a precise quantitative characterization of weak microwave states and information on the noise emitted by a Josephson parametric amplifier. As propagating electromagnetic fields in general [1] [2] [3] , propagating microwaves with photon numbers on the order of unity are essential for quantum computation [4, 5] , communication [6] , and illumination [7] [8] [9] [10] protocols. Because of their omnipresence in experimental setups, the investigation of propagating thermal states is a fundamental task. Specifically in the microwave regime, sophisticated experimental techniques for their generation, manipulation, and detection have been developed in recent years. In this context, an important aspect is the generation of propagating thermal microwaves using thermal emitters [11] [12] [13] . These emitters can be spatially separated from the setup components used for manipulation and detection [14, 15] , which allows one to individually control the emitter and the setup temperature. Due to the low energy of microwave photons, the detection of these fields typically requires the use of nearquantum-limited amplifiers [16] [17] [18] , cross-correlation detectors [13, 14, 19] , or superconducting qubits [20] [21] [22] .
The unique nature of propagating fields is reflected in their photon statistics, which is described by a probability distribution either in terms of the number states or in terms of moments. The former were studied by coupling the field to an atom or qubit and measuring the coherent dynamics [23] [24] [25] or by spectroscopic analysis [26] . The moment-based approach, in practice, requires knowledge on the average photon number n and its variance Var(n) to distinguish many states of interest. To this end, the second-order correlation function g (2) (τ ) has been measured to analyze the photon statistics of thermal [27] [28] [29] or quantum [30] [31] [32] emitters ever since the ground-breaking experiments of Hanbury Brown and Twiss [33, 34] . While these experiments use the time delay τ as control parameter, at microwave frequencies the photon number n can be controlled conveniently [11, 26, [35] [36] [37] . In the specific case of a thermal field at frequency ω, the Bose-Einstein distribution yields
−1 and Var(n) = n 2 + n, which can be controlled by the temperature T of the emitter. In practice, one wants to distinguish this relation from both the classical limit Var(n) = n 2 and the Poissonian behavior Var(n) = n characteristic for coherent states [35] or shot noise [20, 38] . Hence, as shown in Fig. 1 , the most relevant regime for experiments is 0.05 n 1, which translates into temperatures between 100 mK and 1 K at approximately 6 GHz for the thermal emitter [22] .
In this Letter, we experimentally confirm the theoretically expected photon number variance Var(n) of thermal microwave fields for 0.05 n 1.5 using two fundamentally distinct experimental setups. On the one hand, we use a superconducting transmon qubit [39] interacting with the propagating fields via a dispersively coupled microwave resonator. Differently to approaches relying on the coherent dynamics [23] [24] [25] , in our experiments the change of the qubit dephasing rate induced by the field directly reflects the photon number variance. We furthermore can distinguish between the Poissonian statistics of coherent states and shot noise because the resonator has a different decay constant for these two input fields. On the other hand, we extract the super-Poissonian photon statistics of propagating thermal microwaves from direct correlation measurements and from measurements using a near-quantum-limited Josephson parametric am- plifier (JPA) [17, 40] as preamplifier. The results show that the noise added by the JPA inevitably alters the photon statistics of the amplified field. Our results provide a quantitative picture of propagating thermal microwaves, which is especially relevant for the characterization of more advanced quantum states in the presence of unavoidable thermal background fields. With respect to superconducting qubits, we gain systematic insight into a dephasing mechanism which may become relevant for state-of-the-art devices with long coherence times [41, 42] .
In our experiments, we generate the thermal fields using a temperature-controllable, 50 Ω-matched attenuator acting as a black-body emitter. This emitter is thermally only weakly coupled to the 35 mK base temperature stage of a dilution refrigerator. Heating the attenuator up to 1.5 K results in the emission of thermal microwave radiation, which we guide to our detection setups. Experimentally, we achieve a high photon number stability δn/n 0.01 due to the precise temperature stabilization of the emitter. In addition, we generate coherent states using a microwave source and shot noise with 200 MHz bandwidth using an arbitrary function generator (AFG) at room temperature.
We measure the photon number variance of propagating fields with the qubit setup depicted in Fig. 2(a) . To this end, we operate a frequency-tunable transmon qubit at its maximum transition frequency ω q /2π = 6.92 GHz (see Ref. 22 
for experimental details).
The qubit is coupled with strength g/2π 67 MHz to a quarterwavelength coplanar waveguide resonator with resonance frequency ω r /2π = 6.07 GHz and external coupling rate κ x /2π = 8.5 MHz. Hence, the system is in the dispersive regime, where the detuning δ ≡ ω q − ω r fulfills χ g. Here, [39] 
MHz and α/2π −315 MHz is the transmon anharmonicity. In the dispersive regime, the qubit couples to the photon number n r in the resonator via the interaction Hamiltonian H int = χ[n r + 1/2]σ z . Because the coupling is mediated by the Pauli operatorσ z , temporal fluctuations n r (τ ) introduce qubit dephasing [43] . More precisely, the fluctuations are characterized by the correlator C(τ ) = n r (0)n r (τ ) and generate a shift δϕ(τ ) of the qubit phase. While the first moment of this phase shift has a vanishing arithmetic mean, the second moment [44] 
Here, γ 1 (n r ) is the total qubit relaxation rate and γ ϕ0 is the qubit dephasing rate due to all other noise sources except for those described by C(τ ). Thermal fields exhibit a super-Poissonian correlator [45, 46] C th (τ ) =(n 2 r + n r ) exp(−κ x τ ). The Poissonian nature of coherent states and shot noise inside a resonator follows C coh (τ ) = n r exp(−κ x τ /2) and C sh (τ ) = n r exp(−κ x τ ), respectively. For all three states one obtains δϕ 2 /2 = γ ϕn (n r )τ , i.e., an exponential decay envelope. The photon-number-dependent dephasing rates are then defined by [35, 41, [44] [45] [46] 
Here, [44] θ 0 = tan −1 (2χ/κ x ) is the accumulated phase of the resonator photons due to the interaction with the qubit. Remarkably, the factor two between γ coh ϕn and γ sh ϕn is due to the fact that the impact of the fluctuations onto the qubit is larger if the resonator decays slower [43, 45] . For thermal states, we control n r via the temperature of the emitter, n r ∝ n(T ). For coherent states and shot noise, we vary the output power P of the microwave generator, n r ∝ P . The exact calibra- tion procedure is presented in Ref. 22 . As a consequence of Eqs. (1) -(3) , measurements of the Ramsey decay rate γ 2 (n r ) = γ 1 (n r )/2 + γ ϕ0 + γ ϕn (n r ) allow us to extract the photon number variance as a function of n r . We obtain γ 1 (n r ) from an independent measurement [22] . Furthermore, we emphasize that during our sweeps of the attenuator temperature, the sample box is stabilized at 35 mK. Also, all low-frequency components of the thermal field, usually responsible for dephasing, are strongly suppressed by the filter function of the resonator. Therefore, γ ϕ0 can be taken as a constant and we can extract γ ϕn from a numerical fit to the decay envelope of a Ramsey time trace.
In the absence of external microwave fields, the transmon qubit is relaxation-limited with the rates γ 1 (n r 0)/2π 4 MHz and γ 2 (n r 0)/2π 2 MHz. In Fig. 2(b) , we show the Ramsey time traces for the attenuator temperatures T = 50 mK and T = 1 K. As expected, the latter shows a significantly increased Ramsey decay rate. A systematic temperature sweep reveals γ th ϕn (n r ) ∝ n 2 r + n r as displayed in Fig. 2(c) . For small photon numbers n r 0.5, we observe that the dephasing rate approaches a linear trend with slope s th 0 ≡ ∂γ th ϕn /∂n r | nr = 0 . This finite slope clearly allows us to rule out the validity of the classical limit Var(n r ) = n 2 r in this regime. From a fit of Eq. (1) to the data, we find s th 0 /2π = 3.9 MHz, which is marginally enhanced compared to the expected value κ x θ 2 0 /2π = 3.4 MHz. We attribute this slight deviation to a constant thermal background field emitted from attenuators at higher temperature stages and from the sample environment. Applying a beam splitter model [47] , we extract the reasonable contribution of n th c = 0.15 photons. This value corresponds to an effective mode temperature of approximately 140 mK.
As a cross-check for our setup, we confirm the wellexplored [20, 35, 44] linear variance of fields with Poissonian photon statistics. To this end, we first expose the resonator to shot noise emitted at room temperature by the AFG [48] . As shown in Fig. 2(c) , we indeed find a constant slope s sh ≡ ∂γ sh ϕn /∂n r 2π × 4.6 MHz, which is in reasonable agreement with s th 0 . In terms of additional thermal population and effective mode temperature [47] , we obtain n sh c 0.19 ≈ n th c and 150 mK, respectively. In the next step, we investigate measurementinduced dephasing caused by coherent states as displayed in Fig. 2(c) .
We again find a linear slope s coh ≡ ∂γ n (0) and plotted versus the photon number njpa at the JPA input. For the measurements of JPA 2a and JPA 2b we use slightly different operating points described in detail in Ref. 47. method [12] [13] [14] 49] . We use the setup depicted in Fig. 3(a) , where a cryogenic beam splitter equally divides the signal along two paths, which are subsequently amplified independently. From the averaged auto-and crosscorrelations, we retrieve all signal moments (â † ) nâm up to fourth order (0 ≤ n + m ≤ 4 with n, m ∈ N 0 ) in terms of the annihilation and creation operators,â andâ † . To calibrate the average photon number n bs = â †â ∝ n(T ) at the input of the beam splitter, we perform a Planck spectroscopy experiment [12] . More details on the setup can be found in Ref. 15 . Notwithstanding the very different experimental requirements in the microwave regime, direct correlation measurements on propagating light fields are inspired from quantum optics. For this reason, we characterize the photon number variance of the thermal microwave fields via the unnormalized correlation functiong
As shown in Fig. 3(b) , the correlation functiong (2) (0) of the thermal source follows the expected quadratic behavior. A numerical fit of the polynomial functioñ g (2) (0) = ρ n 2 bs using ρ as a free parameter yields ρ = 2.07. This result coincides nicely withg (2) (0) = 2n 2 bs predicted for thermal states by Eq. (4). In the same way as with the qubit setup, we are therefore able to reliably map out the n 2 + n dependence and not only the classical n 2 limit experimentally found in earlier work [11] .
To lower the statistical scatter of the data points in Fig. 3(b) , we repeat the correlation measurement using a JPA operated in the phase insensitive mode. In this mode, the JPA works as a near-quantum-limited, phase-preserving amplifier [17] with power gain G 1. At the input of the beam splitter, one then obtains n bs ≈ G(n jpa + n n + 1). Here, n jpa ∝ n(T ) are the signal photons and n n are the noise photons added by the JPA, which we again obtain from a Planck spectroscopy experiment [12] . We compare measurements using two different JPAs (JPA 1 and JPA 2) based on frequency-tunable quarter wavelength resonators with operating frequencies ω jpa /2π 5.35 GHz and typical gains G 14 dB (specific parameters are summarized in Ref. 47 ). After calibrating for G, we record the modified correlation functioñ
which can be derived from an input-output model for the JPA [47] . In Eq. (5), there is an n jpa -independent offset g
n (0) = 2n 2 n + 4n n + 2 due to the JPA gain and noise. In our model, we assume that the JPA noise is thermal, i.e., Var(n n ) = n 2 n + n n . In Fig. 3(c) we plot the experimentally obtained correlationsg (2) 
n (0) versus the photon number n jpa at the JPA input. From fits to the formula ρn 2 jpa + ξn jpa , we find ρ 2.2 in all three data sets in agreement with the expected value of ρ = 2. Therefore, also the JPA assisted measurements confirm a super-Poissonian statistics of the thermal fields. From the fits, we also find that the values ξ is reduced by a factor of approximately 2 compared to the expected value 4 + 4n n . This observation is confirmed by the values extracted forg (2) n (0), which deviate to a similar extent. The reduced experimental values suggest that the JPA noise appears to contain a significant contribution with non-thermal statistics.
Finally, we compare the performance of the qubit and the dual-path setup. Although we operate on and below the single photon level, the qubit and the dual-path setup (without JPA) systematically reproduce the n 2 + n law with a high accuracy. Currently, the statistical spread for the qubit setup is one order of magnitude lower than the one for the dual-path setup. The accuracy of the qubit setup is limited by the low-frequency variations of the qubit relaxation rate described in Ref. 22 . Their standard deviation of 5 % well explains the spread of the experimental data points in Fig. 2(c) . Assuming that these variations decrease proportionally to the qubit decoherence rate, we estimate that for the best performing superconducting qubits [41] , the accuracy can be improved by at least two orders of magnitude. The dual-path setup (without the JPA) is limited by the data processing rate of our digitizer card and by the noise temperature T n 3 K of the cryogenic amplifiers. When the JPA is on, the noise temperature of these amplifiers is insignificant. Concerning adaptability, the dual-path setup in principle gives access to all signal moments, whereas the qubit is limited to amplitude and power correlations. While our measurements including a JPA decrease the statistical spread by two orders of magnitude, they also indicate that the statistics of the JPA noise can influence the statistics of the amplified field.
In conclusion, we have quantitatively characterized the photon number variance of propagating thermal microwaves using two fundamentally different approaches: indirect measurements with a superconducting qubitresonator system and direct ones, with a dual-path detector. With both setups, we are able to quantitatively recover the n 2 + n photon number variance of thermal fields in the single photon regime with a high resolution in comparison with existing experimental achievements [11] . In particular, we analyze the resolution limits and find that they can be improved by several orders of magnitude in both setups. For our current dual-path setup, we make the remarkable observation that noise added by the JPAs has a significant non-thermal contribution. Our results demonstrate that the three types of propagating microwave states we investigate can be reliably distinguished below the single photon level in an experiment by their photon statistics. Therefore, both setups are promising candidates to explore decoherence mechanisms possibly limiting high-performance superconducting qubits [41, 42] and the properties of more advanced quantum microwave states.
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